Abstract-This paper proposes a power-smoothing scheme for a variable-speed wind turbine generator (WTG) that can smooth out the WTG's fluctuating power caused by varying wind speeds, and thereby keep the system frequency within a narrow range. The proposed scheme employs an additional loop based on the system frequency deviation that operates in conjunction with the maximum power point tracking (MPPT) control loop. Unlike the conventional, fixed-gain scheme, its control gain is modified with the rotor speed. In the proposed scheme, the control gain is determined by considering the ratio of the output of the additional loop to that of the MPPT loop. To improve the contribution of the scheme toward maintaining the frequency while ensuring the stable operation of WTGs, in the low rotor speed region, the ratio is set to be proportional to the rotor speed; in the high rotor speed region, the ratio remains constant. The performance of the proposed scheme is investigated under varying wind conditions for the IEEE 14-bus system. The simulation results demonstrate that the scheme successfully operates regardless of the output power fluctuation of a WTG by adjusting the gain with the rotor speed, and thereby improves the frequency-regulating capability of a WTG.
Power Smoothing of a Variable-Speed Wind
Turbine Generator in Association With the Rotor-Speed-Dependent Gain system frequency regulation within a narrow range. In addition, the reduced system inertia affects the frequency-regulating capabilities [1] - [5] . Therefore, difficulty arises in maintaining the system frequency when increasing the wind power penetration level [6] - [8] . To minimize these problems, some countries specify requirements on the ramping rates of the output power of a wind power plant (WPP) [9] , [10] . Power-smoothing schemes of a wind turbine generator (WTG) can be divided into two groups: those that use additional devices [11] - [13] and those that use additional control loops [14] - [17] . The former uses energy storage systems (ESSs) such as batteries, ultra-capacitors, and flywheels, whereas the latter mitigates the output power fluctuation using supplementary loops implemented in WTG controllers. However, the cost to install and maintain ESSs is expensive, particularly for a large-scale WTG.
In [14] , the authors proposed a risk assessment model to minimize the energy loss caused by the power smoothing that predicts the highest frequency deviation using short-term wind forecasting. If the predicted frequency deviation exceeds a threshold, the smoothing controller is activated. Because the activation time of the controller can be minimized, the energy loss can be reduced. However, difficulty arises in forecasting short-term wind speeds if the wind speed significantly varies.
In [15] , a centralized wind power fluctuation limitation scheme was proposed that curtails the total wind power output in a power grid to keep the system frequency within the allowable upper limit, which is determined by the transmission system operator (TSO). In [15] , the output power of a WTG is curtailed only if the available power of a WTG exceeds the allowable upper limit. Thus, if the output power is smaller than the allowable upper limit, the fluctuating output power is not smoothed. In addition, the instantaneous fluctuating output power is unable to be mitigated because of the communication latency between the TSO and WTGs.
Additional control loops that operate in conjunction with the maximum power point tracking (MPPT) control loop were proposed based on the rate of change of frequency (df/dt) and the frequency deviation (Δf) in [16] and the Δf in [17] . In these schemes, fixed gains for the additional control loops were used. A large gain is unable to ensure the stable operation of a WTG in the low rotor speed region while providing a large contribution; in contrast, a small gain provides only a limited contribution, even in the high rotor speed region, while ensuring the stable operation of a WTG. Therefore, difficulties arise in determining the gain that is suitable for the entire rotor speed region.
This paper proposes a power-smoothing scheme of a variablespeed WTG that reduces the impact of the fluctuating output power and helps regulate the system frequency within a narrow band. The proposed scheme uses an additional control loop relying on Δf, which operates in association with the MPPT control loop. In the proposed scheme, the gain of the Δf loop is determined by considering the ratio of the output of the Δf loop to that of the MPPT loop. In the low rotor speed region, the ratio is set to be proportional to the rotor speed; in the high rotor speed region, the ratio remains constant. The performance of the proposed scheme is investigated under varying wind conditions for the IEEE 14-bus system using an EMTP-RV simulator.
This paper is organized as follows. In Section II, a doubly-fed induction generator (DFIG) model used in this paper is introduced. Section III describes the operational features of the proposed power-smoothing scheme. Section IV describes the IEEE 14-bus system used as a model system to investigate the performance of power-smoothing schemes and Section V presents the investigation results with two wind power penetration levels. Conclusions are summarized in Section VI. Fig. 1(a) shows a typical configuration of a DFIG, which includes a mechanical power model, two-mass shaft model, back-to-back converters, and a DFIG controller.
II. DFIG MODEL
The mechanical power extracted from the wind, P m , is given by
where ρ, R, v w , c P , λ, and β are the air density, blade length, wind speed, power coefficient, tip-speed ratio, and pitch angle, respectively. As in [18] , c P used in this paper can be represented by
where A two-mass shaft model representing the dynamics between the wind turbine and generator is expressed by [19] . The DFIG controller consists of a rotor-side convertor (RSC) and grid-side converter (GSC). An RSC controls the active and reactive powers injected into a power grid, and a GSC controls the DC-link and terminal voltages. To capture the maximum energy, the reference for MPPT control, P MPPT , is set to (5), as in [20] .
where k g is a constant and set to 0.512 in this paper.
In this paper, a pitch-angle controller is used to prevent the rotor speed from exceeding the maximum operating limit (ω max ); see Fig. 1(b) . An error signal between ω max and ω r is passed through a proportional-integral-derivative (PID) controller. In addition, the rate and angle limiters are included.
As shown in Fig. 2(a) , the rated, cut-in, and cut-out speeds of the DFIG are set to 11 m/s, 4 m/s, and 25 m/s, respectively. Fig. 2(b) shows the mechanical power curves at different wind speeds and P MPPT as indicated by the blue solid lines and a red dashed line, respectively. To obtain the realistic results, this paper considers the power and torque limits as represented by the black dotted and solid lines, respectively. The maximum power and torque limits are set to 1.20 p.u. and 1.17 p.u., respectively [21] ; the rate limit is set to 0.45 p.u./s [22] . The operating range of ω r is from 0.70 p.u. to 1.25 p.u., as represented by the two black dashed lines.
III. PROPOSED POWER-SMOOTHING SCHEME OF A VARIABLE-SPEED WTG ASSOCIATED WITH THE ROTOR SPEED-DEPENDENT GAIN
The proposed power-smoothing scheme aims to mitigate the frequency fluctuation caused by the wind speed variation. Fig. 3(a) shows the configuration of the proposed scheme, and this section describes the operational features of the proposed scheme. In the proposed scheme, only the Δf loop is operated in conjunction with the MPPT control loop because the df/dt loop is vulnerable to noise components contained in the measured frequency. Thus, as in the conventional, fixed-gain scheme in [17] , the power reference in the proposed scheme, P ref , consists of P MPPT and the output of the Δf loop (ΔP) as in
In the conventional scheme, ΔP in (6) is determined as
where 1/R 0 is the gain of the Δf loop and is set to be constant; f c max and f c min , which are the deadband limits of Δf, are set to 0.02 Hz in this paper. Conversely, in the proposed scheme, ΔP is determined by
where K a (ω r ) is the gain that varies with ω r . Note that the conventional scheme, which is represented by the black solid lines, does not change the gain with ω r , whereas the proposed scheme, which is represented by the blue dotted lines, modifies the gain as a function of ω r , as shown in Fig. 3(b) . The following two subsections describe how K a (ω r ) in the proposed scheme is determined.
A. Determining ΔP/P MPPT
To provide a large contribution to the power smoothing, ΔP should be comparable to P MPPT . This means that the ratio of ΔP to P MPPT (ΔP/P MPPT ) should be sufficiently large. Fig. 4 (a) shows ΔP/P MPPT for the proposed scheme and the conventional scheme with the two gains of 25 and 100, assuming that Δf = -0.0017 p.u (-0.1 Hz). ΔP/P MPPT in both conventional schemes rapidly decreases with ω r because P MPPT is proportional to the cube of ω r , whereas ΔP is not dependent on ω r . This means that the conventional scheme gives a larger contribution in the low ω r region and less contribution in the high ω r region. In addition, even a large gain of 100 in the conventional scheme is unable to provide a large contribution in the high ω r region. Further, if a WTG is operating in the low ω r region, a large gain might cause ω r to reach the minimum operating limit (ω min ) because excessive kinetic energy is released. This, in turn, disables the power-smoothing scheme, and thereby a large variation in the WTG output power might occur. Thus, 3% to 5% for R 0 was suggested in [16] .
In this paper, to provide a contribution in proportion to ω r , the proposed scheme starts by choosing two points: (ω min , 0) and (ω 1 , z) in the ΔP/P MPPT − ω r plane. The former is selected to ensure the stable operation of a WTG; conversely, the latter is selected to improve the contribution to the power smoothing. If ω 1 is smaller and/or z is larger, the contribution can be larger, but more energy loss is inevitable. Thus, (ω 1 , z) should be selected by compromising the performance of the power-smoothing scheme and energy loss depending on the design purposes. In this paper, (ω 1 , z) was set to (0.9, 0.5). Then two curves between 
(ω min , 0) and (ω 1 , z) and for the region above ω 1 are selected. Many kinds of curves can be selected, but in this paper, for convenience, a straight line is selected for the curve between (ω min , 0) and (ω 1 , z), and a constant function is selected for the region above ω 1 .
ΔP/P MPPT in the conventional scheme rapidly decreases with ω r ; ΔP/P MPPT at ω max for the gain of 25 and 100 are set to 0.04 and 0.17, respectively, which are significantly smaller than 0.5 in the proposed scheme. In addition, for ω r ≥ 0.89 p.u., ΔP/P MPPT even in the high-gain conventional scheme is smaller than that it is in the proposed scheme.
B. Determining K a (ω r )
If ΔP/P MPPT for the operating region of ω r is determined, K a (ω r ) can be obtained by simply multiplying ΔP/P MPPT by (5) , as in
As shown in Fig. 4(b) , for a high ω r , the proposed scheme can provide more contribution to the power smoothing than the conventional scheme because the gain difference between the two schemes is larger as ω r increases. This means that ω r in the proposed scheme varies more widely when it has a large value; thus, ω r is more likely to reach ω max . As a result, the pitch controller in the proposed scheme is activated more frequently and for a longer duration.
IV. MODEL SYSTEM
The IEEE 14-bus system was chosen to investigate the performance of the power-smoothing schemes. It includes five synchronous generators (SGs), static loads, and three aggregated DFIG-based WPPs, as shown in Fig. 5 . It was simulated using an EMTP-RV simulator. In this paper, the system frequency for performing the power-smoothing schemes is calculated in the DFIG controller from the measured WPP terminal voltage at the sampling frequency of 3,840 Hz using a phase-locked loop proposed in [23] , and the measured voltages are passed through a second-order, anti-aliasing, low-pass filter with a cutoff frequency of 1,920 Hz to the controllers. Table I shows the operating conditions of the SGs in the model system [24] . The droop gains are set to 5%. To simulate a power system that has a low ramping capability, they are all assumed to be steam turbine generators; their steam turbine governor model is the IEEEG1 steam governor model [25] . The total static load is set to approximately 600 MW and 57.4 MVAr. Table II shows the load consumptions of the buses.
V. CASE STUDIES
The performance of the power-smoothing scheme of a DFIG is affected by the wind speed variation. This section investigates the performance of the proposed scheme under the scenarios by varying the wind speeds for wind power penetration levels of 15% and 30%, which indicate 30 MW and 60 MW, respectively. In this paper, the wind power penetration level was defined as the installed capacity of a WPP divided by the load.
The performance of the proposed scheme is compared to the conventional scheme in [17] with the fixed gain of 25 and to a case that performs an MPPT operation. In all figures in the following subsections, "+" and "-" indicate the regions where Δf is positive and negative, respectively.
As shown in Fig. 6 , the input wind speeds of three WPPs are set to be different. The black, blue, and red lines represent the input wind speeds of WPP 1 , WPP 2 , and WPP 3 , respectively. For convenience, the input wind speeds of three WPPs have the same pattern with different average wind speeds: 7.5 m/s (low) for WPP 1 , 9.0 m/s (medium) for WPP 2 , and 10.5 m/s (high) for WPP 3 , respectively.
In the results, P MPPT means the power reference for MPPT operation and the output of the MPPT control loop for the conventional and proposed schemes (see Fig. 3(a) ). 
A. Case 1: Wind Power Penetration Level of 15%
Fig . 7 shows the frequency and WPP total output power for Case 1. As shown in Fig. 7(a) , the frequency fluctuation for the proposed scheme is significantly less than that for the conventional scheme. The root mean square (RMS) value of Δf for the proposed scheme is 0.034 Hz, which is 77% of that in the conventional scheme and 70% of that of an MPPT operation, as indicated in Table III . This is because the proposed scheme significantly smooths the output power fluctuation of the WPPs (see Fig. 7(b) ) by adjusting the control gain with ω r . The magnitude of Δf in the proposed scheme is the smallest, and the proposed scheme gives more contribution to the power smoothing if Δf is positive than it does if Δf is negative. However, generated energy in the proposed scheme is 198.1 MWh and the energy difference between an MPPT operation and the proposed scheme is 7.3 times greater than that between an MPPT operation and the conventional scheme.
1) Low Wind Speed: Fig. 8 shows the results of WPP 1 for Case 1, in which the wind speed is low. As shown in Fig. 8(a) , P W PP in the proposed scheme is slightly smoother than it is in an MPPT operation and the conventional scheme, except when ω r is low.
In WPP 1 , the minimum ω r is 0.770 p.u., and ω r in an MPPT operation, the conventional and proposed schemes increase up to 1.021 p.u., 1.031 p.u., and 1.057 p.u., respectively (see Fig. 8(c) ). ω r in the proposed scheme varies more widely than that in the conventional scheme during the period between 76.9 s and 153.2 s. This is because ΔP in the proposed scheme is significantly larger than it is in the conventional scheme; ΔP/P MPPT in the proposed scheme is also larger (see Fig. 8(e) ). However, P MPPT in the proposed scheme is larger than it is in an MPPT operation and the conventional scheme. Thus, the contribution to mitigating the output power of WPP 1 is not significant because the change in ΔP is not comparable to the change in P MPPT . In this case, the pitch controllers of the conventional and proposed schemes are not activated.
2) Medium Wind Speed: Fig. 9 shows the results of WPP 2 for Case 1, in which the wind speed is higher than that in WPP 1 and thus ω r is higher. Thus, P W PP in the proposed scheme is smoothed more than it is in WPP 1 .
In WPP 2 , the minimum ω r is 0.915 p.u., and ω r in an MPPT operation, the conventional and proposed schemes increase up to 1.194 p.u., 1.202 p.u., and 1.238 p.u., respectively. Thus, P MPPT and the gain of WPP 2 in the proposed scheme are larger than they are in WPP 1 . Further, ΔP and ΔP/P MPPT in the proposed scheme of WPP 2 are larger than they are in WPP 1 . In contrast, ΔP in the conventional scheme of WPP 2 is similar to that of WPP 1 , and ΔP/P MPPT in the conventional scheme of WPP 2 is smaller. Thus, the difference between P W PP in the conventional and proposed schemes of WPP 2 is larger than that of WPP 1 . As in WPP 1 , the pitch controller for all schemes is not activated.
3) High Wind Speed: Fig. 10 shows the results of WPP 3 for Case 1, in which the wind speed is the highest and ω r is the highest. Thus, in WPP 3 , the proposed scheme significantly mitigates the fluctuation of the WPP output. The magnitude of ΔP in the proposed scheme for WPP 3 is larger than it is in WPP 2 because the gain is larger. Conversely, ΔP in the conventional scheme is similar to that in WPP 2 . In addition, the pitch angle in the proposed scheme is larger than it is in the conventional scheme.
4) Effects of Power-Smoothing Schemes on the Mechanical Stress:
This subsection describes the effects of powersmoothing schemes on the mechanical stress on the shaft. The shaft torsional angle (θ s ) between the high speed shaft and the low speed shaft (referred to the high side) in (4) is the measure of the mechanical stress [26] . As shown in Fig. 11 , the θ s of three WPPs in the proposed scheme is smaller than those of MPPT operation and the conventional scheme. This is because the angular speed of a generator in the proposed scheme is larger than those in other schemes when the wind speed increases. As a consequence, more energy in the proposed scheme is converted into kinetic energy stored in the rotor of the generator than those in other schemes for the power smoothing. Therefore, the proposed scheme reduces the mechanical stress as compared to MPPT operation and the conventional scheme because the mechanical stress is temporarily diverted into and out of the rotating mass as the kinetic energy changes dynamically, as the wind speed varies. Furthermore, torsional stress can be reduced even more as the wind speed increases.
B. Case 2: Wind Power Penetration Level of 30%
Fig . 12 shows the results for Case 2, which is identical to Case 1 except for the wind power penetration level. In this case, the rated power of each WPP is set to 60 MW. As shown in Fig. 12 , although the wind speed of each WPP is the same as that in Case 1, the frequency variation in the proposed scheme is significantly reduced compared to Case 1 because the output power fluctuation of the WPPs is smoothed.
As shown in Table IV , the RMS value of Δf in the proposed scheme is 60% of that in the conventional scheme and 48% of that of an MPPT operation. In addition, the maximum Δf in the proposed scheme is 44% of that in the conventional scheme and 35% of that of an MPPT operation. However, the energy difference in the proposed scheme is 5.6 times larger than that in the conventional scheme. Fig. 13 shows the results of WPP 1 for Case 2. As in Case 1, ω r is low, thus the output power of WPP 1 in the proposed scheme is slightly smoother than that in the conventional scheme. The reason for this is as follows. ΔP in the proposed scheme in Case 2 is significantly larger than that in Case 1 because Δf is larger. Thus, ΔP/P MPPT in the proposed scheme for Case 2 is larger than that for Case 1. However, P MPPT in the proposed scheme also increases because ω r increases. As a result, P W PP in the proposed scheme is not significantly smoothed. Fig. 14 shows the results of WPP 2 for Case 2, in which the wind speed is higher than that in WPP 1 , and thus ω r becomes higher. In addition, Δf is larger than that in Case 1. Thus, ΔP in the proposed scheme is larger than that in Case 1 (compare Figs. 9(d) and 14(d) ). Fig. 15 shows the results of WPP 3 for Case 2, in which the wind speed is the highest and ω r is the highest. The proposed scheme for Case 2 significantly smooths the output power of WPP better than in Case 1 by using the pitch controller. In addition, P W PP in WPP 3 is much smoother than that in WPP 2 . Table V shows the comparison results of two wind power penetration levels of 15% and 30%. In the proposed scheme, the RMS value of Δf in Case 1 is 70.2% of that of an MPPT operation, while the RMS value of Δf in Case 2 is 48.1% of that of an MPPT operation. Further, in Case 1 the difference between maximum and minimum Δf of the proposed scheme is 61% of that of an MPPT operation, whereas in Case 2 the difference between maximum and minimum Δf of the proposed scheme is 47% of that of an MPPT operation. The results of the above two cases indicate that the proposed scheme can provide more contribution to the power smoothing, especially in a higher level of wind penetration into the grid.
VI. CONCLUSION
This paper proposes a power-smoothing scheme of a variablespeed WTG. In the proposed scheme, the gain of the Δf loop is determined by considering the ratio of the output of the Δf loop to that of the MPPT loop. For a low rotor speed region, the ratio is set to be proportional to the rotor speed; for a high rotor speed region, the ratio remains constant.
The simulation results indicate that the proposed scheme can smooth the output power fluctuation of the WPPs by adjusting the control gain of the Δf loop with the rotor speed, and thereby improve the frequency-regulating capability of a variable-speed WTG in an electric power grid.
The advantages of the proposed scheme are that it can mitigate the fluctuation of the WTG output power, and thereby improve the power-smoothing capability, especially in a high level of wind penetration into the grid. In addition, it can utilize the operating speed range of a WTG by absorbing or releasing the kinetic energy stored in a WTG with the rotor speed. Further, it helps regulate the frequency deviation into a narrow range in a power grid that has a high penetration level of wind power. The small energy loss is to be expected in exchange for the higher reliability of power system operation by maintaining the frequency within a narrow range.
